SUMMARY. To determine whether accumulation of long-chain acyl camitine contributes to electrophysiological abnormalities induced by hypoxia, we characterized effects of normoxic and hypoxic perfusion on the subcellular distribution of endogenous long-chain acyl camitine and transmembrane potentials of cultured rat neonatal myocytes. Hypoxia increased long-chain acyl camitine more than 5-fold. Sodium 2-[5-(4-chlorophenyl)-pentyl]-oxirane-2-carboxylate (10 JIM), a camitine acyltransferase inhibitor, precluded accumulation of long-chain acyl camitine induced by hypoxia. Tissue was processed for electron microscopy by a procedure specifically developed for selective extraction of endogenous short-chain and free camitine but retention of endogenous long-chain acyl camitine. In normoxic-perfused cells, long-chain acyl camitine was concentrated in mitochondria and cytoplasmic membranous components. Only small amounts were present in sarcolemma. Hypoxia increased mitochondrial long-chain acyl camitine by 10-fold and sarcolemmal long-chain acyl camitine by 70-fold. After 60 minutes of hypoxia, sarcolemma contained 1.4 X 10 7 long-chain acyl camitine molecules//un 3 of membrane volume, a value corresponding to approximately 3.5% of total sarcolemmal phospholipid. Hypoxia also significantly decreased maximum diastolic potential, action potential amplitude and maximum upstroke velocity of phase 0. Sodium 2-[5-(4-chlorophenyI)-pentyl]-oxirane-2-carboxylate inhibited accumulation of long-chain acyl camitine in each subcellular compartment and prevented the depression of electrophysiological function induced by hypoxia. These results strongly implicate endogenous long-chain acyl camitine as a mediator of electrophysiological alterations induced by hypoxia. (Circ Res 58: 230-240, 1986) 
ENDOGENOUS cardiac amphiphiles, such as lysophosphoglycerides and long-chain acyl camitines (LCA), accumulate in ischemic myocardium (IdellWenger et al., 1978; liedtke et al., 1978; Shug et al., 1978; Sobel et al., 1978; Opie, 1979) and induce electrophysiological alterations in vitro resembling those seen in ischemic myocardium in vivo (Corr et al., 1979 (Corr et al., , 1981 (Corr et al., , 1984 Arnsdorf and Sawicki, 1981; Clarkson and Ten Eick, 1983) . Their amphiphilic properties may facilitate their incorporation into sarcolemma with consequent perturbation of ion transport (Katz and Messineo, 1981; Corr et al., 1984) . However, little direct information is available regarding the potential redistribution and accumulation of endogenous LCA in sarcolemma of hypoxic cells. Furthermore, the extent to which electrophysiological derangements induced by hypoxia depend on accumulation of endogenous amphiphiles in sarcolemma has not been elucidated. Accordingly, we employed quantitative electron microscopic autoradiography to characterize the subcellular distribution and concentration of endogenous LCA in rat neonatal myocytes superfused with normoxic or hypoxic solutions. Tissue was processed for electron microscopy with a novel fixation procedure (Knabb et al., 1985) designed to extract endogenous shortchain and free camitine selectively, but retain and spatially fix endogenous LCA. To elucidate the dependence of electrophysiological changes on accumulation of LCA, cells were treated with phenylalkyloxirane carboxylic acid (POCA), an inhibitor of camitine acyltransferase, to prevent accumulation of LCA when cells were rendered hypoxic. Both transmembrane action potentials and concentrations of LCA were measured in myocytes perfused under normoxic, hypoxic, or hypoxic conditions with concomitant exposure to POCA. Electrophysiological alterations induced by hypoxia correlated with accumulation of LCA.
Methods Preparation and Perfusion of Myocytes
Cultured rat neonatal myocytes were chosen for this study to permit uniform labeling of inrracellular camitine pools with [ 3 H]carnitine and to achieve a specific activity of LCA necessary for electron microscopic autoradiography. Uniform labeling would be far more difficult to fulfill
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in intact adult tissue. In addition, maintaining viable adult myocytes over several days in culture to permit prelabeling is difficult.
Monolayer cultures of spontaneously contracting rat neonatal myocytes were prepared as previously described (Ahumada et al., 1980) . Briefly, hearts from 2-day-old rats were removed aseptically and placed in sterile KrebsHenseleit solution. After atria and blood clots had been removed, ventricles were minced and disaggregated during four successive 30-minute intervals in balanced salt solution containing 0.1% collagenase type II (Worthington). Cells collected from the last three incubations were cenrrifuged for 5 minutes (275 g) and resuspended in Ham's F-10 medium with 20% fetal calf serum and 1% penicillin/streptomycin. After filtration through Nitex 80 mesh to remove undissociated tissue, cells were plated at 1 X 10 s cells/cm 2 and incubated for 2 hours. Myocyteenriched supernatant fractions were transferred to a tube containing [ 3 H]d/-carnitine (Amersham, 5 /iCi/ml), mixed thoroughly, and added to dishes containing glass culture disks (3-4 X 10* cells/60-mm dish). Experiments were performed after continuous culture in the presence of Prior to each experiment, cells were washed extensively with buffer to remove unincorporated radioactivity. Myocytes were superfused at a flow rate of 5 ml/min for 1 hour with a modified Krebs-Henseleit solution containing (mM):NaCI, 128; KC1, 4; CaCl 2 , 1.2; MgClj, 1.0; NaH 2 PO 4 , 0.9; NaHCO 3 , 22; glucose, 5. The solution was equilibrated with 5% CO 2 in room air (normoxia) or 95% N 2 :5% CO 2 (hypoxia). During hypoxia, the perfusion chamber was covered with a bell jar so that the 95% N 2 :5% CO 2 atmosphere was maintained continuously over the perfusate. Oxygen tension (P02) and pH were measured at the onset and conclusion of each experiment with a 213 blood gas analyzer (Instrumentation Laboratories). Temperature and pH in the perfusion chamber were maintained at 36°C and 7.2, respectively, in all experiments. Under hypoxic conditions, P03 of the solution ranged between 10 and 18 mm Hg. Cells were field stimulated at 120 beats/min with gold disk electrodes and 6-msec square wave pulses at twice threshold.
In some experiments, sodium 2-[5-(4-chlorophenyl)-pentyl]-oxirane-2-carboxylate (POCA, 10 MM, 97% pure, kindly provided by Dr. Ludwig, ByK Gulden Pharmazeutika) was used to inhibit carnitine acyltransferase I activity (Bartlett et al., 1981; Wolf et al., 1982 Wolf et al., , 1985 . Thioesterificarion of this compound is required for expression of its inhibitory activity (Wolf and Engel, 1985) .
Biochemical Procedures
After superfusion for 1 hour with normoxic or hypoxic solutions, prelabeled cells were scraped from glass disks and homogenized in 7% (wt/vol) perchloric acid (PCA). An aliquot was assayed for protein (Markwell et al., 1981) . The remainder was filtered through a 0.22-/im Millipore filter. Radioactivity in acid-insoluble LCA retained on the filter and in acid-soluble short-chain and free carnitine in the filtrate was quantified with liquid scintillation spectrometry.
PCA extracts of unlabeled cells were assayed for longchain, short-chain and free carnitine radioisotopically (McGarry and Foster, 1976) . Assay conditions were modified slightly to account for changes in blank values or slopes of the standard curve that may occur when LCA is measured in small tissue samples. Blanks and standards were prepared in neutralized PCA rather than H 2 O. In 231 addition, a small amount of free carnitine was added to one of the triplicate determinations for each sample to correct for any changes in the slope of the standard curve.
Preparation and Analysis of Autoradlographs
Six disks of myocytes prelabeled with [ 3 H]carnitine were perfused in either normoxic, hypoxic, or hypoxic + POCA solutions for 1 hour. Following each perfusion, cells were scraped from two disks for quantification of the distribution of radiolabeled carnitine. The remaining four disks were processed for electron microscopy by a novel method verified to spatially fix endogenous LCA with selective extraction of short-chain and free carnitine (Knabb et al., 1985) . Two disks were utilized to assess labeled chemical species removed from and retained by cells during processing for microscopy. The last two disks were embedded in epoxy resin and sectioned for autoradiography.
Electron microscopic autoradiographs were prepared by the flat substrate method of Salpeter and Bachmann (1972) . Pale gold sections (1000 A thick) were mounted on collodian-coated slides, covered with monolayers of Ilford L-4 emulsion, and incubated for 38 days (hypoxic cells) or 80 days (normoxic and hypoxic + POCA treated cells) in a dry N 3 atmosphere at 4°C. Sections of unlabeled cells were mounted on the same slides as labeled cells to assess background grain densities.
Autoradiographs were developed in 1.1% p-phenylenediamine and 12.6% sodium sulfite and fixed in 30% sodium thiosulfate as previously described (Neufeld et al., 1985) . Sections were collected on 200 mesh copper grids and examined with a Phillips 200 electron microscope. The use of tannic acid and uranyl magnesium acetate during tissue processing provided adequate contrast so that further staining of the sections was unnecessary. Potential removal of developed grains caused by alkaline lead citrate stains was avoided.
The physical developer p-phenylenediamine yields developed grains that are compact rather than filamentous, thus minimizing obstruction of underlying fine structure. This developer has a measured efficiency of approximately 1 grain per 15 disintegrations (Bachmann and Salpeter, 1967) . The half-distance for this^utoradiographic system ( 3 H, Ilford L-4 emulsion, 1000 A thick sections, # p-phenylenediamine developer) is approximately 1500 A (Salpeter et al., 1978) .
Grain distributions were analyzed by the 'mask overlay' technique of Salpeter et al. (1978) , with the use of a computer program by Land and Salpeter (1978) . A final magnification of 33,000 was selected to permit adequate resolution of cellular structures. Because only a small portion of an individual cell can be photographed in a single frame, composite photographs of entire cells or large portions of cells were made to eliminate biases associated with photographing certain portions of selected cells. A total of 224 composite photographs depicting 158 randomly selected myocytes (65 normoxic, 41 hypoxic, 52 hypoxic + POCA) containing 2293 grains (545 normoxic, 1208 hypoxic, 540 hypoxic + POCA) were analyzed.
Potential loci of radioactivity in cardiac myocytes included membranous organelles and non-membranous structures (cytoplasm and nudeoplasm). Because of the amphiphilic properties of long-chain acyl carnitine, sources of radioactivity were expected to reside in membranes. Accordingly, membranous structures of the myocyte were divided into the following compartments: sarcolemma, mitochondria, and all remaining internal cytoplasmic membranes. The cytoplasmic membrane com-partment comprised predominantly sarcoplasmic reticulum which, in these neonatal cells, consisted of extensive networks of rough endoplasmic reticulum lined with ribosomes. It included also smooth sarcoplasmic reticulum and nuclear membranes. Other structures included in the photographs and analyzed as separate compartments were 'intercellular space" and "degenerated cells." The latter were encountered occasionally and, when situated adjacent to viable myocytes, were unavoidably included in the composite photographs.
'Mask overlay' data defining transition probabilities (the probability of finding a grain over structure y when the radioactive source is located in structure x) and the relative sizes of each compartment were obtained separately for normoxic, hypoxic, and hypoxic + POCA autoradiographs. There were no significant differences between these sets of data, indicating that each set of autoradiographs represented an equivalent sampling of cardiac myocytes and that hypoxia did not induce major ultrastructural changes in the myocyte. This latter conclusion was supported by careful inspection of the electron micrographs of normoxic and hypoxic myocytes, which were ulrrastructurally indistinguishable. Grain densities were therefore determined by analyzing each unique set of grain locations in autoradiographs from normoxic, hypoxic, and hypoxic + POCA-rreated cells with the combined 'mask overlay' data from all three sets of experiments.
Electrophysiological Measurements
Transmembrane action potentials were recorded with glass capillary microelectrodes (30-40 Mfi, DC resistance) filled with 3 M KC1 connected to a WPIM4-A electrometer. Signals were processed through two stages of amplification before storage on FM analog tape. A WPI precision millivolt source was used for in series voltage calibration. Cells were field stimulated at 120 beats/min with gold disc electrodes placed at opposite sides of the perfusion bath. Stimulus duration (6 msec) and intensity (twice diastolic threshold) were not altered during the interval of hypoxia. Action potential recordings were analyzed off-line with an automated system described previously . Impalements of several prelabeled cells (3-8 cells/disk) were made in the 30-to 60-minute interval during perfusion under each set of conditions. Cells were extracted immediately for analysis of radiolabeled carnitine after perfusion for 1 hour.
The effects of POCA on intracellular recordings during normoxic and hypoxic perfusion were tested with single, maintained impalements in several unlabeled cells. No biochemical measurements were made in these experiments.
Statistical Methods
Results are reported as means ± SE. Significant differences (P < 0.05) were determined with the use of the nonpaired Student's t test.
Results

Accumulation of Long-Chain Acyl Carnitine in Hypoxic Myocytes
Myocytes prelabeled with [
3 H]carnitine for 3 days prior to perfusion for 1 hour under normoxic conditions contained 4.5% of label in LCA (Fig. 1A) . Hypoxia resulted in more than a 5-fold increase in LCA. The increase was blocked completely by POCA. Endogenous LCA comprised 5.7% of total carnitine in normoxic, perfused cells (Fig. IB) . LCA increased more than 6-fold with hypoxia. POCA completely inhibited the accumulation induced otherwise by hypoxia. Thus, the distribution of radiolabeled LCA in specific chemical species corresponds to that of endogenous LCA. Both radiolabeled and endogenous LCA levels change with hypoxia and are dependent upon the presence or absence of POCA.
Autoradiographic Analysis
For autoradiographic studies, cells on six disks were perfused under each set of conditions. Radioactivity was extracted and assayed from two disks before processing ( Fig. 2A) and from two after processing (Fig. 2B) processing and results are expressed in total dpm/ disk. Before fixation, the distribution of labeled LCA was comparable to that in experiments summarized in Figure 1 . Processing resulted in selective extraction of endogenous short-chain and free carnitine under all experimental conditions with endogenous LCA comprising 86% to 97% of retained radioactivity (Fig. 2B ). Selected autoradiographs of myocytes perfused under normoxic, hypoxic, and POCAtreated conditions are shown in Figure 3 . Table 1 lists the computer-generated grain densities and the percentage of total photographic area of each compartment analyzed by the mask overlay method. The grain densities, expressed as grains/ 100 nm 2 of photographic area, represent relative specific activities reflecting the amount of radioactivity per unit area of each structure. Figure 4 illustrates the proportion of total myocyte radioactivity in each compartment, determined by multiplying the grain density by the compartment size in each case. Unlabeled cells demonstrated negligible background grain density (approximately 0.01 grains/ 100 M"I 2 ) at the longest exposure interval. As shown in Table 1 and Figure 4 , radioactivity was concentrated in membranous structures of cardiac myocytes. The non-membranous myocyte cytoplasm and nucleoplasm, comprising approxi-233 mately 55% of total photographic area and 68% of myocyte area, contained only 20% to 25% of total myocyte radioactivity. The mitochondria and internal cellular membranes had the highest specific activity and contained the bulk of myocyte radioactivity. In normoxic cells, the sarcolemma contained little LCA. However, in cells subjected to 60 • Error values shown represent the "standard error' of the x J minimization routine of the analysis program (Land and Salpeter, 1978) .
t These numbers represent the overall grain densities for each perfusion condition.
minutes of hypoxia, the specific activity of LCA in the sarcolemma increased 70-fold from 9.2 to 638 grains/100 /an 2 and the proportion of total LCA in sarcolemma rose from 1.5% to 11.5%. Mitochondria exhibited a nearly 10-fold increase and the internal cellular membranes a 4-fold increase of LCA with hypoxia. The overall grain density of hypoxic my- ocytes was approximately 7.4 times that of normoxic cells. This value, derived from autoradiographic measurements, corresponds closely to the 5-fold increase of labeled LCA measured chemically in cells before tissue processing (Fig. 2) . The substantial increases of LCA induced by hypoxia in membranous structures were blocked completely by POCA. sion efficiency (15 decays/grain); A = Avogadro's number; E = exposure time in minutes; S = specific activity of the radioactive probe (normoxic cells = 373, hypoxic cells = 359, POCA treated cells = 647 dpm/pmol). As shown in Figure 5 , with hypoxia the LCA content of the myocyte sarcolemma increased from 1.9 X 10 5 to 1.4 X 10 7 molecules/^m 3 of membrane volume. Table 2 lists the concentrations of endogenous LCA in the myocyte sarcolemma and internal cytoplasmic membranes. The concentration of LCA, expressed as a percentage of total membrane phospholipids, was calculated by dividing the number of 235 endogenous LCA molecules/jtm 3 (obtained from autoradiographic measurements) by 4 X 10 8 phospholipid molecules/Vm 3 . The latter value was obtained by assuming that a pair of phospholipids in a bilayer forms a cylinder 8 A in diameter and 100 A in length (Hauser et al., 1981; Smaby et al., 1983) and, hence, occupies a volume of approximately 5 X 10 3 A 3 which corresponds to 4 X 10 8 molecules/ nm 3 . LCA concentrations expressed in nmols/mg protein were calculated based on measurements of the ratio of phospholipid to protein in purified adult canine sarcolemma [2.7 jtmols phospholipid/mg protein (Gross, 1984) ] and sarcoplasmic reticulum [1.4 ^mols phospholipid/mg protein (Gross, 1985) ]. As shown in Table 2 , sarcolemma from hypoxic myocytes contained approximately 95 nmol of endogenous LCA/mg protein, corresponding to approximately 3.5% of total sarcolemmal phospholipid. It has been shown previously that incorporation of only approximately 1% of exogenous lysophosphatidylcholine into sarcolemmal phospholipids is sufficient to induce electrophysiological effects (Gross et al., 1982; Saffitz et al., 1984) . Thus, it is likely that the incorporation of 3.5% of endogenous LCA into sarcolemma observed in hypoxic myocytes is capable of inducing electrophysiological derangements.
Source compartments are cytoplasm (CYTO), nucleus (NUC), mitochondria (MITO), cytoplasmic membrane structures (CMS), and sarcolemma (SL).
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Electrophysiological Alterations with POCA and Hypoxia
POCA added during normoxic perfusion significantly decreased LCA radioactivity from 22.7 to 9.4 
16.7±1.6f
Data expressed as mean ± SE; MDP = maximum diastolic potential; AMP = amplitude; APDJO,7O,« •• action potential duration at 50, 70, or 95% repolarization; V^ = maximum upstroke velocity. In group 1, electrophysiological measurements were made in the same cell before and after administration of POCA (10 FIU) (n =• number of cells). Biochemical measurements were made in separate experiments. In groups 2 and 3, electrophysiological parameters were measured in 3-8 cells from each disk (n = number of disks). Biochemical parameters were measured in each disk. Group 2 included cells in which action potentials were generated after the hypoxic interval and Group 3 included cells in which the resting membrane potential depolarized to -28 mV and electrical activity ceased.
* Significantly different (P < 0.05) from normoxic and hypoxic + POCA control values. f Significantly different (P < 0.05) from normoxic and hypoxic values. 
V . V FIGURE 6. The effects of POCA 00 ntf on cardiac action potentials during normoxic and hypoxic perfusion. A single impalement was maintained for a 10-minute control period followed by a 20-minute intervention period. Recordings from both hypoxic and hypoxic + POCA-treated cells were made on the same group of cells.
dpm/Vg protein after 20 minutes in prelabeled cells, but did not alter electrophysiologic parameters (group 1, Table 3 , and Fig. 6 ). In these experiments, electrophysiologic measurements were made in the same cell (n = 4) before and after POCA administration. Biochemical measurements were made in a separate series of experiments, with prelabeled cells. Transmembrane potentials of prelabeled myocytes perfused under normoxic, hypoxic, or hypoxic plus POCA conditions were measured in numerous cells during the last 30 minutes of perfusion. After 1 hour, carnitine derivatives were extracted and assayed for radioactivity. Hypoxia significantly increased LCA radioactivity from 56.8 ± 3.4 to 112.5 ± 16.9 dpm/jtg protein. LCA increased only 2-to 3-fold with hypoxia, rather than 5-fold, because it was difficult to maintain low P02 with microelectrodes in the perfusion chamber (P02 range 16-20 mm Hg). Results were stratified into two groups based on the severity of electrophysiological depression induced during hypoxia. In one group, hypoxia led to depolarization of the resting membrane potential but action potentials were generated. In these cells there was a moderate, though not significant, increase in LCA (group 2, Table 3 ). In the other group, resting membrane potential depolarized to -28 mV, electrical activity ceased, and a statistically significant increase in LCA was seen (group 3, Table 3 ).
Hypoxia resulted in a significant decrease in maximum diastolic potential, total amplitude, and V mô f phase 0 (Table 3 ; Fig. 7 ). In group 3, the resting membrane potential was reduced to -28 mV and the cells became unresponsive to stimulation concurrent with marked elevation of endogenous LCA (Table 3 ; Fig. 7) . Exposure of cells to POCA under conditions of hypoxic perfusion prevented accumulation of LCA and depression of maximum diastolic potential, amplitude, and V max of phase 0. Action potential parameters remained at control values in the presence of POCA when only moderate elevations in LCA were measured in hypoxic cells (Fig. 7A ). However, with higher concentrations of LCA induced by hypoxia, POCA did not completely prevent depression of the amplitude or V mix of phase 0, although the maximum diastolic potential did 
Discussion
The concentration of LCA increases in ischemic myocardium in vivo (Idell-Wenger et al., 1978; Liedtke et al., 1978; Shug et al., 1978; Opie, 1979) . Administration of exogenous LCA induces electrophysiological alterations in normoxic ventricular muscle in vitro resembling changes seen in ischemic cells in vivo (Corr et al., 1981 (Corr et al., , 1984 . The present observations demonstrate a 70-fold increase of endogenous LCA in sarcolemma of hypoxic myocytes. Furthermore, they indicate that the increased LCA in sarcolemma is associated with electrophysiological alterations analogous to those seen during ischemia in vivo. Both sarcolemmal accumulation of LCA and the electrophysiological effects of hypoxia are attenuated by POCA, an inhibitor of carnitine acyltransferase. Thus, our observations provide direct evidence that accumulation of endogenous LCA contributes to electrophysiological derangements induced by hypoxia.
Autoradiography requires retention and spatial fixation of a chemically defined radioactive probe. We have shown previously in myocyte suspensions labeled with exogenous [ 14 C]palmitoyl-L-carnitine that the fixation procedure developed preserves 85% of tissue radioactivity (Knabb et al., 1985) . The procedure selectivity preserves endogenous LCA while 99% of short-chain and free carnitine is extracted from myocytes prelabeled with [ 3 H]carnitine. After processing for electron microscopy, short-chain and free carnitine accounted for less than 15% of total radioactivity under any of the experimental conditions utilized.
Autoradiographic analysis of normoxic tissue showed that most of the LCA was localized in mitochondria and cytoplasmic membrane components. Little was in nucleus and nonmembranous cytoplasm. Idell-Wenger et al. (1978) found no LCA in mitochondria from freshly excised nonperfused hearts, although they did detect 37% of total LCA in mitochondria in control, perfused hearts. The difference may be related to characteristics of perfused compared with nonperfused isolated hearts.
We localized a substantial proportion (39%) of endogenous LCA in the internal cytoplasmic membranes of normoxic neonatal myocytes. Idell-Wenger et al. (1978) also found a substantial proportion (63%) of endogenous LCA in nonmitochondrial compartments, although their methods were not designed to differentiate cytoplasmic compartments. Several potential explanations may pertain. (1) Mitochondrial LCA can be exchanged for cytosolic carnitine through the mitochondrial carnitine/acyl carnitine translocase (Pande, 1975; Ramsey and Tubbs, 1975) . Cytosolic LCA would then preferen-237 tially partition into cytoplasmic membranes. (2) Mitochondrial LCA loosely bound to the outer mitochondrial surface (Idell-Wenger et al., 1978) may partition into cytoplasmic membrane lipids or bind to cytoplasmic membrane proteins. (3) LCA may be formed in the cytoplasmic membrane compartment. This possibility is unlikely, however, because longchain carnitine acyltransferase is believed to be associated only with mitochondria. Only short-and medium-chain carnitine acyltransferase activities have been associated with microsomes (Bieber et al., 1982) .
LCA levels increase more than 5-fold in hypoxic myocytes. The greatest increases occur in the sarcolemma (70-fold) and mitochondria (10-fold). Our autoradiographic results correspond to the calculated 9-fold elevation in mitochondrial and 5-fold increase in nonmitochondrial LCA in severely ischemic perfused rat hearts (Idell-Wenger et al., 1978) assayed after differential centrifugation of subcellular components. Thus, LCA appears to be synthesized and accumulate first in mitochondria, and then is transported or diffuses out of mitochondria to other subcellular compartments. The sarcolemma appears to accumulate LCA preferentially, judging from the marked elevation of LCA seen in the sarcolemmal compartment.
When hypoxic cells are treated with POCA, the concentration of LCA in all compartments remains at or below normoxic control levels. The proportion of total LCA declines in mitochondria (25%) and increases in cytoplasmic membranes (42%) of POCA-treated cells compared with normoxic or hypoxic myocytes. These differences probably reflect inhibition of mitochondrial carnitine acyltransferase by POCA.
In order to compare results from in vitro studies on the effects of palmitoyl carnitine on membranebound enzymes in sarcolemma and sarcoplasmic reticulum with those in this study, we calculated corresponding values (Table 2 ) from the autoradiography data. Sarcolemmal LCA reached a concentration of 95 nmol/mg protein with hypoxia. This concentration is not sufficient to inhibit Na + ,K + -ATPase in vitro (Wood et al., 1977; Adams et al., 1979; Lamers et al., 1984; Kramer and Weglicki, 1985) but may be sufficient to inhibit Na + -Ca ++ exchange (Lamers et al., 1984) . Enzymes in sarcoplasmic reticulum appear to be more sensitive to inhibition by exogenous palmitoyl carnitine than those in sarcolemma, but the calculated concentration of LCA in sarcoplasmic reticulum with hypoxia (19 nmol/mg protein) is not sufficient to inhibit Ca ++ -ATPase (Pitts et al., 1978; Adams et al., 1979) or Ca ++ release (Adams et al., 1979) . Interpretations of comparisons between results from studies in vitro with exogenous amphiphiles and those obtained in this study must be cautious, because the kinetics and extent of incorporation of exogenous LCA into membrane preparations are not well characterized. Furthermore, LCA may bind selectively to mem-brane-bound proteins rather than distribute randomly throughout the bilayer.
Incorporation of endogenous LCA into sarcolemma (3.5% of phospholipid) appears to be sufficient to induce biophysical changes (Fink and Gross, 1984) . As little as 1% incorporation of exogenous lysophosphatidylcholine into sarcolemmal phospholipids induces electrophysiological effects resembling those seen in ischemic tissue in vivo (Gross et al., 1982; Saffitz et al., 1984) . Thus, the concentration of endogenous sarcolemmal LCA that we observed autoradiographically appears to be sufficient to contribute to the electrophysiological abnormalities induced by the underlying hypoxia.
Administration of exogenous palmitoyl camitine (100-200 /XM) decreases maximum diastolic potential, amplitude, Vm*x, and action potential duration in canine Purkinje fibers (Corr et al., 1981) . Hypoxia or ischemia elicits similar decreases of resting potential, amplitude, and V m> of cardiac action potentials (McDonald and MacLeod, 1973; Downar et al., 1977; Carmeliet, 1978) . Metabolic inhibition of glycolysis and oxidative phosphorylation in cultured myocytes results in gradual loss of diastolic membrane potential and failure of depolarization (Clusin, 1983; Hasin and Barry, 1984) .
The severity of electrophysiological depression observed in this study was proportional to the magnitude of increase of LCA induced by hypoxia. Modest decreases in maximum diastolic potential, amplitude, and V^ of phase 0 of the action potential were associated with a modest increase in LCA. The insignificant rise of LCA associated with significant changes in the action potential is difficult to interpret because we were not able to monitor electrophysiological and biochemical changes in the same cell. Membrane depolarization and loss of a generated action potential was associated with significant increases of LCA.
Although the precise mechanisms responsible for the electrophysiological effects of LCA are unknown, the effects are similar to those seen with a structurally similar amphiphile, lysophosphatidylcholine (Corr et al., 1981) . Both amphiphiles decrease Vmax of phase 0 independent of a change in membrane potential (Corr et al., 1979; Arnsdorf and Sawicki, 1981) . Thus, the decrease in V^ in response to increasing LCA during hypoxia may be due to a direct decrease in the magnitude of the rapid sodium inward current and membrane depolarization. Since the extent of membrane depolarization induced by exogenous lysophosphatidylcholine and LCA is nearly identical (Corr et al., 1981) , it is possible that the mechanism of decreased outward K + conductance demonstrated with exogenous lysophosphatidylcholine in ventricular muscle (Clarkson and Ten Eick, 1983 ) also occurs with sarcolemmal accumulation of LCA. Although lysophosphatidylcholine appears to decrease the magCirculation Research/VoJ. 58, No. 2, February 1986 nitude of the slow inward current (Lj) in ventricular muscle (Clarkson and Ten Eick, 1983) , palmitoyl carnitine actually increases the magnitude of the Lj in chick ventricular muscle depolarized to -60 mV (Inoue and Pappano, 1983) . Thus, despite the fact that several of the electrophysiological effects of the two amphiphiles are similar, major differences also exist.
Carnitine acyltransferase inhibitors, such as 2-tetraglycidic acid and oxfenicine, have been used to assess potentially deleterious effects of fatty acid oxidation in hypoxic hearts. Pearce et al. (1979) found that 2-tetraglycidic acid decreased the size and number of anoxic areas in hypoxic perfused rat hearts. Apparently by inhibiting fatty acid oxidation, oxfenicine improved mechanical function in ischemic rat (Higgins et al., 1980) and pig (Liedtke et al., 1984) hearts. Carnitine itself improved mechanical and electrophysiological function in ischemic (Folts et al., 1978) and hypoxic (Hazashi et al., 1984) myocardium.
As shown in the present study, POCA completely prevents the hypoxia-induced electrophysiological alterations of cells otherwise exhibiting a modest accumulation of LCA. This carnitine acyltransferase inhibitor significantly attenuates but does not completely prevent electrophysiological impairment in hypoxic myocytes otherwise markedly accumulating LCA. Analogous, beneficial effects of POCA on mechanical function of ischemic hearts have been reported (Paulson et al., 1984) .
Although electrophysiologically beneficial effects of POCA may reflect inhibition of accumulation of LCA in sarcolemma, other possibilities must be considered. POCA may have a direct effect on the cardiac action potential. This is unlikely, since POCA does not alter electrophysiological parameters in normoxic myocytes or change regional function in normal ventricular myocardium (Seitelberg et al., 1985) . By inhibiting fatty acid oxidation, POCA may diminish metabolism through 'oxygenwasting' pathways that may accelerate membrane damage. Alternatively, POCA may prevent the electrophysiological alterations by increasing uptake and metabolism of glucose (Wolf et al., 1982 (Wolf et al., , 1985 . Several observations (McDonald and MacLeod, 1973; Higgins et al., 1981; Hasin and Barry, 1984) suggest that ATP produced through glycolysis preferentially subserves maintenance of membrane function. Nevertheless, our results indicate that accumulation of endogenous LCA induced by hypoxia is one factor mediating electrophysiological abnormalities. The concentration of endogenous LCA in sarcolemma increases 70-fold with hypoxia to levels sufficient to induce electrophysiological effects. POCA prevents the accumulation of LCA in sarcolemma and attenuates the electrophysiological alterations induced by hypoxia. Thus, endogenous amphiphiles appear to comprise one class of ar-
